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VENTRICULAR EXCITABILITY OF THE INTACT
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AND HERMAN GELLER
Since the refractory period was first described by Fontana in 1760,7 a
variety of techniques has been employed to study the time-course of
recovery of heart excitability and its relation to mechanical and electrical
events during the cardiac cycle. Bowditch,7 in 1871, stimulated the perfused
apex of the frog heart with rhythmic shocks at intervals of 1, 2, 3, 4, or
more seconds. He found that stimuli just strong enough to produce a
response failed to do so regularly, and a response to each shock could be
obtained only if the strength of the stimulus were considerably augmented.
The greater the frequency of stimulation, the more marked was the irregu-
larity of response. At faster rates a much stronger stimulus was required
to produce regular responses. The threshold was found to diminish with
successive responses.
Three years later, Kronecker and Stirling7 performed similar experi-
ments with an improved type of stimulator and were unable to demonstrate
this irregularity. They found that if stimuli were of sufficient strength, each
produced a response. Shocks of lesser intensity were without effect. They
confirmed Bowditch's observation that there was a gradual diminution of
threshold with successive responses.
Marey,7 in 1876, studied a spontaneously beating frog heart stimulated by
single shocks thrown in at random throughout the cardiac cycle. He demon-
strated that a refractory period began at the onset of systole for each
cycle. The duration of this refractory period depended on the intensity of
stimulation and the condition of the preparation.
Trendelenburg,6 in 1911, devised an ingenious delayer system which
enabled him to apply stimuli at various points along the mechanical con-
traction curve of the spontaneously beating frog heart. He was the first to
carry out a systematic study of the relationship between mechanical events
and excitability. He demonstrated the presence of absolute and relative
refractory periods, and related them to the components of the mechanical
contraction curve.
The following year Trendelenburge7 attempted the first correlation
between excitability and electrical events, using the monophasic action
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potential of the isolated frog heart. He pointed out that it was sometimes
possible to obtain a response on the descending limb of the monophasic
action potential by means of a superthreshold stimulus. Threshold stimuli
were generally not effective until one second after the end of the mono-
phasic action potential, but they sometimes produced a response at its
completion.
Mines,'0 in 1913, correlated the excitability of the spontaneously beating
frog heart with a ventricular electrogram. He showed that the end of the
refractory period corresponded with the termination of the electrical
response.
Adrian's important study of the recovery process of excitable tissues"'
included two groups of experiments bearing on the cardiac excitability
cycle. In one group of experiments, frog hearts were perfused with fluids
of different pH, and it was shown that when the pH was below seven, a
supernormal period following the relative refractory period was developed.
In the second group of experiments the relationship of excitability to the
monophasic action potential of the frog heart was investigated. Pairs of
induction shocks separated by a variable interval were employed, the first
to drive the heart and the second to test its excitability. The second stimu-
lus was four to five times the threshold strength. Results from a group of
six experiments showed that the second shock was not effective until just
after the complete disappearance of the monophasic electrical response.
Adrian pointed out the necessity for allowing sufficient time to elapse
between determinations to insure complete recovery from the effects of the
previous stimulus.
The studies of Hoff and Nahum`U were the first to relate the excitability
cycle to the electrocardiogram. Standard Limb Lead II was used. In
experiments on cats, dogs, and chimpanzees the heart was exposed and
testing stimuli were applied at random from a thyratron stimulator
approximately one second apart. The relative refractory period occurred on
the descending limb of the T wave and was often followed by a period of
supernormality before excitability returned to threshold levels. However,
there was no supernormality in unanesthetized decerebrate preparations,
but it did occur in animals that were anesthetized with barbiturates. That
the barbiturates were not responsible for the supernormal phase will be
seen below.
Recently, an extensive investigation of the dog auricle and ventricle has
been carried out using a method described by Suckling, et al.' In these
studies the heart was exposed, the sinus node clamped off, and the heart
driven at the desired rates. By means of a delayer circuit, testing stimuli of
varying strengths and duration from a rectangular wave generator were
applied during the entire cardiac cycle. The exposed heart was protected
by a transparent artificial chest wall after the insertion of the driving,
stimulating, and recording electrodes. Stimuli were applied every eight to
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ten beats (every 2-5 seconds). The recovery of excitability in both auricle!
and ventricle"' was not a uniform process, and periods of hyperexcitability
within the relative refractory period were demonstrated. The first' of these
was shown to coincide with the vulnerable period for fibrillation described
by Wiggers and Wegria.1'
In the present study, the excitability cycle of the normal ventricle was
investigated. It was considered advisable, therefore, to maintain an intact
chest wall in order to avoid operative trauma and the loss of heat, C02, and
DUMONr 304-M
JL .L CAo RAY OCICLL@SCOM
SQUAM_P SEL DELAYER ----------------------------
GEATOR VMR6XIIISATII
_ - DIFWRENTIA&. AMpUIvD Swarrp
FIG. 1. Block diagram of apparatus used. See description in text.
moisture associated with exposure of the heart. Spontaneous rhythm was
desired to preclude any alterations in excitability produced by the driving
stimuli. Thus an attempt was made to evolve a method which would elimi-
nate factors in the technique that in themselves alter excitability. After
normal excitability under physiological circumstances had been established,
information bearing on several important questions was obtained. The dif-
ferences in the rates of recovery among various regions of the heart, as
tentatively suggested by previous studies on the genesis of the T wave,'
were confirmed. It was also possible to test the validity of the use of the QT
interval as a measure of the duration of cardiac recovery.
METHOD
With these considerations in mind, the following technique was developed. Dogs
were anesthetized with Nembutal (40 mgm./kgm.) administered intraperitoneally. As
steady a state of anesthesia as possible was maintained throughout each experiment.
Employing the Wilson central terminal, needle electrodes were used to record a
"unipolar" precordial electrocardiogram over the left apex. As shown in Figure 1, this
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FIG. 2. Stimulating electrode consisting of a 22-gauge needle through which runs
a copper wire. Insulation extends to tip. Area of stimulation equals .5 sq. mm.VENTRICULAR EXCITABILITY OF DOG HEART
electrocardiogram was led to a differential R-C coupled amplifier, the output of which
was fed to the rectangular wave generator through a variable delayer system. The
amplitude discriminator of this delayer made it possible to utilize the peak of the
R wave as a zero time base from which the testing stimulus could be delayed. A
cathode-ray oscilloscope was used for monitoring purposes which made it possible to
adjust the testing stimulus to any desired time in the cardiac cycle. The rectangular
wave generator had a maximum output of 12 milliamperes. With a stimulating
electrode in place, the current intensity was calibrated by measuring the voltage drop
across a precision 1,000 ohm resistor inserted in one of the output leads. A mercury
key was interposed between the generator and the concentric electrode. The concentric
electrode is illustrated in Figure 2.
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FIG. 3. Effect of varying levels of
anesthesia upon excitability. Abscissa
represents time in milliseconds in rela-
tion to electrocardiogram. Dotted lines
represent excitability curve and electro-
cardiogram for deep anesthesia; solid
lines represent excitability curve and
electrocardiogram for light anesthesia.
Ordinate represents minimum effective
stimulus strength in milliamperes. Arrow
indicates position of stimulating elec-
trodes in both cases. See description in
text.
FIG. 4. Effect of variation in rate on
excitability. Abscissa represents time in
milliseconds in relation to electrocardio-
grams, which differ only in position of
P waves. Ordinate represents minimum
effective stimulus strength in milliam-
peres. Curve I obtained at rate of 150
and cycle length correspond with PI of
electrocardiogram. Curve II obtained at
rate of 125 and cycle length correspond
with PII of electrocardiogram. Arrow
indicates position of stimulating elec-
trode. See description in text.
This electrode was inserted into a specific region of the myocardium through the
intact chest wall. A cotton support minimized the movement of the external portion
of the electrode. During the experiment, the position of the electrode was indicated by
the configuration of the extrasystoles produced, and it was later confirmed by the
autopsy. Testing stimuli were not applied more often than every two minutes for
the reasons given below. The cycle was scanned at 5 millisecond intervals. A pulse
duration of 0.5 milliseconds was used in these experiments.
RESULTS
In the course of these experiments, three factors were encountered which
altered excitability and therefore had to be controlled before the true
excitability cycle could be established.
1. Anesthesia. In many experiments it was observed that a sudden drop
in threshold was an early indication of lightening anesthesia. The solid line
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in Figure 3 illustrates this. The diastolic threshold period begins 15 milli-
seconds before the end of T, and the diastolic threshold value is 0.7 milli-
amperes. The dotted line represents the new excitability curve when the
animal is given an additional dose of anesthetic. The diastolic threshold
period then begins 10 milliseconds after the end of T and the threshold
value rises to 1.35 milliamperes. Although the rate has not changed, the
QT interval has lengthened from 245 milliseconds to 350 milliseconds and
the T wave has become diphasic. The curve is shifted upwards and to the
right. Therefore, anesthesia delays recovery, lengthens both refractory and
QT intervals, and elevates the diastolic threshold.
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FIG. 5. Variations of threshold with
frequent stimulation at the same point in
the threshold period. A represents stimu-
lation every 5 seconds, B stimulation
every 20 seconds, and C stimulation
every 30 seconds. Length of vertical lines
indicates strength of stimulus applied;
dotted line indicates original threshold
level. Response indicated by plus, lack of
response by minus. Notice elevation of
threshold in A at 25 and 35 seconds, and
lowering ofthreshold in B at 120 seconds,
and in C at 330 and 360 seconds.
40 *0so MP tot40 *o C -. LIT~~L-- L-- LI..I.
l= ....l . .l-- L-- L... LJ.l.
+ 1 + + + I + 1
l .'; ';..';..L .1°..t .L .1 ..iL .r + 4 4 + - + -.. .,
FIG. 6. Variations of threshold with
frequent stimulation at the same point in
the relative refractory period. A repre-
sents stimulation every 5 seconds, B
every 10 seconds, C every 20 seconds,
and D every 30 seconds. Length of verti-
cal line indicates strength of stimulus
applied; dotted line indicates original
threshold level. Response indicated by
plus, lack of response by minus. Note
elevations of threshold at all points
where minus sign appears.
2. Heart rate. Earlier investigations were carried out on hearts driven
at specific rates. The present investigation was carried out on spontaneously
beating hearts. It was observed that significant changes in excitability
occurred when the rate varied spontaneously 20-30 beats per minute.
Figure 4 shows curves obtained at rates of 125 and 150 beats per minute.
At the faster rate, although the refractory period was shorter, the threshold
values were higher. The threshold rose from 0.74 milliamperes at a rate of
125 beats per minute to 1.15 milliamperes at a rate of 150 beats per minute.
The duration of the refractory period was shorter at a higher rate, but the
ratio of the refractory period to cycle length remained unchanged.
3. Frequency of testing stimuli. The necessity for complete recovery
from a testing stimulus has been recognized by previous investigators.
Trendelenburg' and Lewis,' however, do not specify the time interval
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allowed in their experiments. Adrian2 permitted one minute to elapse
between each testing stimulus, and Suckling, et al.,'5 stimulated every 8-10
beats (2-5 seconds). In our experiments, it has been found that there must
be an interval of two minutes in order to obtain reproducible results. This
two-minute period was determined by experiments such as those illustrated
by Figures 5 and 6. Figure 5 shows threshold stimuli applied every 5, 20,
and 30 seconds at a given point in the diastolic threshold period. Pro-
nounced variations in response are apparent. In graph A, the increase in
threshold value is indicated by failure of response at 25 and 35 seconds.
This effect can be seen at 40 and 220 seconds in graph B, and at 90, 150,
180, and 240 seconds in graph C. Lowering of threshold value is manifested
by response to subthreshold stimuli at 120 seconds in graph B, and 330 and
360 seconds in graph C. Similar changes are seen in Figure 6, which illus-
trates an identical experiment carried out at a point in the relative refrac-
tory period. Irregular failure of response may be seen in all four graphs.
Excitability Cycle at the Left Apical Region
A. Anintals with upright precordial T comnplex. It should be emphasized
that these results were reproducible in the same animal over long periods
of time. The experiments that are reported are those in which the heart
rates did not vary significantly, the depth of anesthesia was kept constant,
and the testing shocks were applied no oftener than every two minutes. As
the concentric electrode was inserted through the chest wall and directed
towards the apex, the only justifiable assumption is that the points probed
were in a region near the apex rather than exactly at the apex. Table 1
summarizes the 21 experiments in this series. Of these, 15 showed an
upright precordial T wave. In 12 of the 15, the refractory period ended
somewhere on the downstroke of T, i.e., 10-15 milliseconds before the end
of T. In three others, the refractory period terminated at the end of T. The
threshold in all these experiments varied from 0.35 milliamperes to 0.86
milliamperes (Fig. 7).
B. Animals with diphasic precordial T complex. In six experiments, the
precordial T was diphasic and had an inverted terminal portion. In four of
these, the refractory period was complete 10-35 milliseconds after the end
of T, and in a fifth, it finished at the end of T. In the sixth, however, the
refractory period terminated a little more than 50 milliseconds before the
end of T. The threshold was in the same range as that found in the group
with an upright T complex. A fairly constant correlation between the dura-
tion of the refractory period at the apex and the configuration of the pre-
cordial T was observed. Generally, when the T is upright, the refractory
period ends on the downstroke of T, and when the T is diphasic and has a
terminal inverted portion, the refractory period tends to finish after the
end of T.
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Excitability Cycle at Intermediate Points on
the Left Ventricle Between Apex and Base
Of seven experiments (Table 2), six exhibited an upright precordial T,
and in five of these the refractory period ended 20 to 75 milliseconds before
the end of T. In one, the refractory period terminated at the end of T. In
the experiment with a diphasic T, the refractory period also terminated
before the end of T. In these experiments, however, the range of diastolic
threshold was between 1.10 milliamperes to 1.64 milliamperes. The signifi-
cant change between the apex and the intermediate points was the elevation
of the diastolic threshold values. Figure 8 illustrates this series.
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FIG. 8. Effect of change in electrode
FIG. 7. Normal excitability at left apex position on excitability. Abscissa repre-
and left base. Abscissa represents time in sents time in milliseconds in relation to
milliseconds in relation to electrocardio- electrocardiogram. Ordinate represents
gram represented by dotted line. Ordi- minimum effective stimulus strength in
nate represents minimal effective stimu- milliamperes. Arrows indicate position
lus strength in milliamperes. See descrip- of electrode for respective excitability
tion in text. curves. See description in text.
The Excitability Cycle at the Base of the Intact Heart
(a) Right base. Six determinations were carried out at the base of the
right ventricle. In each experiment, the T wave was upright in the pre-
cordial leads. In four of these experiments, the refractory period finished
10 to 110 milliseconds after the end of T, in one at the end of T, and in
one other 10 milliseconds before the end of T. Therefore, with an upright T
in the precordial leads, the majority of instances showed that the refractory
period was completed after the end of T (Fig. 7).
(b) Left base. Seven experiments were carried out with the electrode at
the base of the left ventricle. In five experiments, the T wave was upright in
the precordial leads, and in four of these five, the refractory period termi-
nated well beyond the end of T. In two of the seven, the precordial T was
inverted, and in both of these the refractory period concluded before the
end of T. The diastolic threshold levels were about the same as in those
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experiments where the electrodes were located at the intermediate points and
at the right ventricular base, i.e., varying from 1.15 to 2.18 milliamperes.
In general, there was a close correlation between the direction of the
precordial T wave and the duration of the refractory period of the base.
When the T wave was inverted, the refractory period tended to end before
the completion of T, and when the T was upright, the refractory period
terminated beyond the end of T.
Absolute Refractory Period
The duration of the absolute refractory period varied in different regions
of the heart, being shortest at the apical region and longest at the basal
regions of the ventricle, which may be seen in experiment No. 34, Table 1,
and experiment No. 35, Table 3. In different animals with the same rate,
the absolute refractory periods approximated each other except for an
occasional wide variation, as for example Nos. 11, 12, 13, and 14 in Table
1 and Nos. 24 and 25 in Table 3. Similarly, some observations at faster
rates showed absolute refractory periods that were longer than those
obtained at slower rates as demonstrated in experiments Nos. 8 and 36 in
Table 2.
There was no fixed ratio between cycle length and the absolute refractory
period, although in general the latter shortened as the cycle shortened, and
lengthened as the cycle lengthened.
Relative Refractory Period
The relative refractory period was extremely variable, having durations
from about 5-10 milliseconds to 100 milliseconds. It possessed no fixed
ratio to th4t of the absolute refractory period since it ranged from 1: 3 to
1: 26. The latter value was found at the base. In 30 of the 41 experiments
the relative refractory period showed a progressive decline towards the
diastolic threshold without exhibiting any of the oscillations described by
Brooks and his associates. However, in 11 experiments plateaus but not
"dips" occurred sometimes in the first and at other times in the last portion
of the relative refractory period. Because the plateaus had no definite loca-
tion in the relative refractory periods, one might suspect them to be arte-
facts, especially since in the large majority of experiments plateaus were
not encountered. A possible explanation of their genesis is presented below.
Total Refractory Period
The total refractory period varied in different regions of the heart, and
its duration was not synonymous with the QT interval as measured by the
precordial electrocardiogram. With an upright precordial T complex the
total refractory period of the apical region was shorter than the QT, and at
the base it was longer than the QT. With an inverted precordial T complex
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the conditions are exactly reversed. The absolute refractory period of the
apical region was longer than the QT and at the base it was shorter than
the QT. Thus a fairly constant relationship was found between the duration
of the total refractory period of the different regions of the heart, the
configuration of the precordial T complex, and the QT.
DISCUSSION
Results suggest that the direction of the precordial T wave is the clue to
the duration of the total refractory period at the apex or at the base in
relation to the QT interval. When the T was upright, the refractory period
of the apical region terminated in most instances on its downstroke and
occasionally at its end, whereas at the basal regions, the refractory period
terminated at the end of T or well beyond it. In other words, the apical
regions recovered earlier than the basal regions when the T wave was
upright. When the precordial T complex was inverted the total refractory
period of the apical region was longer than that at the base. Under such
conditions the recovery of the basal regions occurred earlier than that of
the apical regions of the ventricle. A correlation between the speed of
recovery and the configuration of the T complex, either at the apex or at
the base, has been shown by another method.' Acceleration of recovery by
heating the apex produced an upright precordial T, whereas slowing of
recovery by cooling the apex caused inversion of T. Man and the normal
dog exhibit an upright T in the left precordial lead, and for this reason it
was suggested that the apex repolarizes faster than the base and completes
its recovery sooner. The investigations reported here lend support to the
above view since the apex actually had a shorter total refractory period
than the base in those experiments in which the precordial T was upright.
The QT interval in the electrocardiogram is considered to represent the
duration of excitation and recovery of the ventricles. It has already been
pointed out,' however, that QT in any one lead does not exactly reflect the
"true QT" period. That must be obtained from multiple simultaneously
recorded electrocardiograms measured from the earliest onset of Q to the
latest termination of T. In these experiments the correlation of the refrac-
tory period was established with the precordial electrocardiogram, for it
was found that this lead most closely approximated the "absolute QT" as
obtained from multiple simultaneously recorded electrocardiograms. These
studies showed that the total refractory period, either at the apex or at
the base, did not correspond with the duration of QT. In the majority of
instances the longest refractory period extended well beyond the end of T.
It is obvious, therefore, that the period of excitation and recovery of the
ventricles is not represented by the QT. It has been proposed that QU
instead of QT might properly represent the period of electrical systole. It
can be seen from the figures reported in the tables that the total refractory
period does not end at a specific point at or beyond T, but that it varies in
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different regions of the heart and in different hearts. Hecht's' summary of
QT duration in several diseased conditions showed random changes. The
disagreement among clinicians as to the significance of QT changes in
disease may exist because of a failure to realize that (a) ordinary QT
measurements in single leads are misleading, and (b) that QT itself is not
correlated with the termination of recovery in all regions of the heart. If
the "true QT" does not measure the period of excitation and recovery, it
is clear that the method of averaging the various QT's in all leads would
produce a shorter value and make it even less significant.
In all experiments the diastolic threshold was found to be a smooth
plateau which began at the end of the relative refractory period. In no
instance was supernormality encountered. However, response from a sub-
threshold stimulus can be produced when testing stimuli are applied 5-10
seconds apart (Fig. 8). The occurrence of supernormality has also been
observed when the pH turns to the acid side,' and in an open chest prepara-
tion with barbiturate anesthesia.8 Apparently, it does not occur if the heart
remains in its normal environment and if the testing stimuli are applied no
oftener than every two minutes.
The diastolic threshold remained a smooth plateau regardless of the
region studied. However, the threshold levels changed from region to
region, being lowest at the apex and highest at the base. The factors or
processes that determine this gradient in the diastolic threshold levels for
the different regions of the heart are not known, though it has been showne
that a temperature differential exists between the apex and the base. The
apex is warmer by 0.25 to 0.5° C. It may well be that the higher tempera-
ture at the apex is one of the operative mechanisms responsible for the
variations in diastolic threshold levels between apex and base.
These studies also showed that the diastolic threshold depended upon
(a) rate and (b) depth of anesthesia. Increase in rate from 20-25 beats
per minute was accompanied by an increase in the diastolic threshold value.
Therefore the rise in diastolic threshold that accompanies significant
increase in rate may be involved in the mechanisms operative in the spon-
taneous termination of paroxysmal tachycardias. If the elevation of thres-
hold were to continue progressively as the rate accelerated, it might be
expected finally to reach a level too high for depolarization by the "inner
stimulus." In such an event the heart could stop for a variable period and
only start again when the threshold falls enough to permit "autogenous
excitation."
We have already mentioned our suspicion that the plateau in the relative
refractory period, which occurred in a quarter of the experiments, may
have been due to threshold shifts caused by changes in the level of anes-
thesia. If anesthesia lightened during this period, a drop in threshold would
flatten the declining curve. This explains the random occurrence of the
plateau as well as its infrequency in different parts of the relative refractory
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period. However, the large majority of our experiments showed a smooth
and progressive drop in threshold.
The direct action of the anesthesia upon the myocardial cell is established
by these experiments, since the increase in the depth of anesthesia elevated
the diastolic threshold values. This effect upon excitability furnishes an
explanation for the effectiveness of the use of barbiturates for the abolition
of ectopic rhythms.
SUMMARY
1. The excitability cycle of apical, intermediate, and basal regions of the
dog heart was established and correlated with the surface potential, i.e.,
left apical "unipolar" precordial electrocardiogram, of the intact animal.
2. The total refractory period did not correspond with the QT interval.
3. With an upright precordial T complex, the total refractory period
was shorter at the apex than at the base. However, with an inverted pre-
cordial T, the total refractory period was longer at the apex than at the
base.
4. The diastolic threshold period was a plateau in all experiments except
when testing stimuli were applied more often than every 2 minutes.
5. The relative refractory period was a straight line graph.
6. The diastolic threshold was lowest at the apical region and highest at
the basal region of the ventricles.
7. The threshold fell with lightening anesthesia and vice versa.
8. Increased heart rate was accompanied by elevated threshold.
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